Abstract A glow discharge plasma nitriding reactor in the presence of an active screen cage is optimized in terms of current density, filling pressure and hydrogen concentrations using optical emission spectroscopy (OES). The samples of AISI 304 are nitrided for different treatment times under optimum conditions. The treated samples were analyzed by X-ray diffraction (XRD) to explore the changes induced in the crystallographic structure. The XRD pattern confirmed the formation of iron and chromium nitrides arising from incorporation of nitrogen as an interstitial solid solution in the iron lattice. A Vickers microhardness tester was used to evaluate the surface hardness as a function of treatment time (h). The results showed clear evidence of improved surface hardness and a substantial amount of decrease in the treatment time compared with the previous work.
Introduction
DC plasma nitriding (DCPN) is one of the oldest plasma assisted surface engineering processes and has been widely accepted in industries over the past 30 years [1] . Plasma nitriding offers many advantages over traditional gas and salt bath nitriding, particularly in terms of reduced gas and energy consumption and the complete removal of any environmental hazards [1] . However, in DCPN, the components to be treated are subjected to a high cathodic potential, so that plasma forms directly on the component surface to provide the active nitriding species and to heat the components. This brings some inherent shortcomings into DCPN plasma nitriding, such as damage caused to parts by arcing, the "edging effect", the "hollow cathode effect" and difficulty in maintaining a uniform chamber temperature, particularly in full workloads of components with varied dimensions. To overcome these common problems associated with conventional DCPN, many efforts have been made in the past few years. One of the recent steps forward was the development of the active screen plasma nitriding technology (ASPN) [2, 3] . In such a novel nitriding process, the entire workload is surrounded by a large metal screen, on which a high voltage cathodic potential is applied. The worktable and the components to be treated are insulated from the cathodic screen and the anodic chamber walls. The components are in a floating potential or subjected to a relatively lower bias voltage [4] . Since the plasma is not formed on the component surface, many of the practical problems associated with DCPN are removed. Different investigations have indicated that many of the existing models established for DCPN such as the nitrogen implantation [5] , low energetic N m H + n bombardment [6] , nitrogen adsorption [7] , neutral and ion adsorption [8, 9] for DCPN may not be the dominant mechanisms for nitrogen mass transfer in ASPN. Instead, a modified "sputtering and re-condensation" model has been proposed to explain the nitrogen mass transfer in ASPN [10] .
The nitriding of AISI 304 stainless steel using the conventional plasma nitriding technique was carried out on the same experimental setup as used by Qayyum et al [11] . Using optical emission spectroscopy (OES) they found the maximum generation of nitriding active species at 250 W power and 5 mbar pressure for the gas composition of 30% N 2 -70% H 2 . A significant feature of * supported by QAU URF, Pakistan Science Foundation (PSF) Project No. PSF/RES/Phys (152), HEC Project 20-2002 (R&D) and HEC Project for Plasma Physics Laboratory Gomal University the experiment was using plasma temperature to heat the samples. They investigated the effect of treatment time on nitriding. The maximum hardness achieved in the experiment was 3.932 GPa for 16 h of treatment.
In this investigation we use the same nitriding chamber with the modification of utilizing an active screen cage and an auxiliary heater. The system is optimized in terms of pressure, current density and gas composition using OES. The effect of treatment time on surface hardness is investigated.
Experimental setup
The samples of AISI 304 stainless steel are cut by using a tungsten carbide disc into squares of area 11 mm×11 mm and thickness 2.5 mm using a KEMET rapid cutter and then mechanically polished using different grit size silicon carbide papers (180, 240, 400 and 600, 1800). The samples were then mirror polished with a micro cloth with one micron alumina powder using a METKON GRIPO 2 V polishing machine. The samples were then cleaned with methanol in an ultrasonic bath for 15 minutes, each time before placing them into the plasma chamber. A conventional nitriding chamber of 0.40 m height and the same diameter is used in the experiment. Two electrodes in parallel plate configuration are housed inside the chamber. A heater along with a thermocouple is used to heat the substrate and to monitor the temperature during the nitriding process. Details of the experimental setup can be found elsewhere [10] . A screen cage made of a 0.5 mm thick 316 stainless steel sheet, 160 mm in diameter and 74 mm in height is used. Holes of 1 mm in diameter are spread uniformly all over the cage. The distance between the centers of two consecutive holes is approximately 5 mm. The distance between the screen cage and the anode is adjusted to 6 cm [10] . The samples are placed on an alumina disc, as shown in Fig. 1 . The plasma now forms on the cage, which is a cathodic potential, and not directly on the samples. Plasma induced optical emission spectroscopic analysis is performed using a computer controlled system comprised of Ocean spectrometer (HR4000 CG-UV-NIR USB 2000) with grating (300 lines/mm line density and resolution of 0.5 nm (FWHM)) [12] . The spectrum is recorded in the wavelength range of 200-1100 nm. The spectra of nitrogen plasma showed that the second positive system of N 2 and the first negative system of N + 2 considerably dominate the spectrum in the range 330-430 nm. Therefore, the spectrum in the range of 330-430 nm is recorded again by simultaneously using the Ocean spectrometer and a McPherson-2061 monochromator with a grating with 1200 grooves/mm and spectral resolution of 0.01 nm (while the spectra are recorded at 0.1 nm resolution) coupled with a side window photomultiplier tube (PMT R-928) and auto ranging Picoammeter (Keithley-485). The width of the entrance slit, focal length (f ) and aperture of the monochromator are 5 µm, 1 m and f /7, respectively [13] .
3 Results and discussions [14] . Intensity of nitrogen atomic line (at 425.01 nm) appears weak as com- pared to the rest of the intensities. Fig. 3(a) shows that the emission intensities of different detected species increases with increasing current density at constant filling pressure. It can be explained as follows: with the increase of current density the electrons gain energy, as a result their inelastic collisions with neutral atoms and molecules increase, leading to an increase in their emission intensity. Fig. 3(b) depicts the dependence of emission intensity on filling pressure. At constant current density the increase in the emission intensity of N + 2 (0,1) is consistent with expectations. While the intensity of N + 2 (0,0) and (0,1) and the N-I lines first increases with increasing pressure and then saturates. With the increase in filling pressure the density of N 2 increases and the available high energy electron can dissociate and ionize a large number of nitrogen molecules. However, for constant current density the energetic electrons start depleting with the increase in pressure. That is why the emission intensity of N + 2 and N atoms is expected to be saturated. In the experiment this saturation is observed at 3 mbar filling pressure. In Fig. 3(c) the addition of hydrogen (less than 40%) leads to an increase in emission intensity. When the nitrogen concentration becomes less than 60%, the relative emission intensity decreases with decreasing nitrogen concentration. An increasing percentage of H 2 in the discharge enhances the secondary electron emission coefficient, which may be because different ions (
) striking the cathodic screen cage result in different emission coefficients. With the increase in the secondary electron emission coefficients, the electron number density increases, which in turn leads to higher dissociation rates of N 2 molecules. When the hydrogen percentage increases above 40%, a decrease in the N 2 dissociation rate occurs. This may be ascribed to the normal decrease in the nitrogen molecular density [15−17] .
Nitriding of AISI 304 stainless steel
The optimum values for filling pressure, current density and gas composition using OES are found as 3 mbar, 5 mA · cm −2 and 40% hydrogen, respectively. Samples of AISI 304 stainless steel were nitrided under these optimum conditions for different treatment times (1 h to 4 h) at fixed temperature within the nitriding chamber, 500±10 o C, as measured by thermocouples attached to the sample holder, at 50 sccm gas flow rate, adjusted using HASTING mass flow controllers. A Vickers microhardness tester and XRD are used to investigate the changes occurring in the crystallographic structures and surface hardness as a function of treating time. A Philips X'Pert PRO MRD X-ray diffractrometer with Cu-Kα radiation operated at a voltage of 40 kV and a current of 40 mA was used to investigate crystallographic changes. Fig. 4 shows the XRD pattern of AISI 304 samples nitrided for different treating times. o , corresponding to a (113) plane of Cr 2 N. The peak intensity of Fe 3 N and Cr 2 N increases with processing duration. This is because more and more nitrogen molecules are, as a solid solution, incorporated into the steel matrix as the process proceeds. The higher content of iron nitrides in ASPN may be attributed to the fact that not only iron nitrides are sputtered from the screen cage but also the iron is sputtered from screen cage and mixed into the plasma to form different iron nitrides, which increases the concentration of iron nitrides and in turn increases the surface hardness [18] . A Wilson Wolpert 401 MVA Vickers microhardness tester was used to measure the surface hardness in HV which is later converted into GPa for convenience. Different loads (10-300 g) are applied to obtain a microhardness profile. Each point on the graph shown in the figure represents the average of five hardness values measured at random for each load. The microhardness of nitrided layers as a function of nitriding time is shown in Fig. 5 where the hardness increased with increase of nitriding time. The increase in hardness with increasing nitriding time is due to the increase of nitrided layer thickness and the high nitrogen content in the layer. "The large increase in the measured values of the microhardness with increasing nitriding time can be explained by the known [19] contribution of the substrate to the measured hardness, which becomes less evident as the layers become thicker with increasing nitriding time". The highest hardness value obtained in this experiment was about 4.135 GPa for the sample treated for 4 h. As shown in Fig. 6 , the hardness is enhanced by a factor of approximately 3.5 in just 4 h of treatment. The extremely high values of the microhardness observed can be explained by large compressive stresses in the layers [20, 21] . Fig.5 Micro hardness as a function of treatment time at 5 mA · cm −2 current density, 3 mbar pressure, 500 o C temperature and gas composition of 60% N2-40% H2 Fig.6 Micro hardness as a function of applied load at 5 mA · cm −2 current density, 3 mbar pressure, 500 o C temperature and gas composition of 60% N2-40% H2
Conclusions
The plasma nitriding chamber in the presence of an active screen cage has been optimized in terms of pressure, current density and gas compositions using OES. The inclusion of a screen cage reduces the hydrogen percentage in the gas composition. The maximum generation of active species occurs at 40% H 2 in the nitrogen plasma. The samples of AISI 304 are nitrided under the optimum conditions for different treatment times. XRD analysis of the nitrided samples has confirmed the formation of iron and chromium nitrides arising from the incorporation of nitrogen as an interstitial solid solution in the original iron lattice.
A 3.5 times increase in the surface hardness has been observed for samples treated for four hours. The reduction in the treatment time from 16 h to 4 h with better hardening results using a screen cage and auxiliary heating is an achievement as far as the use of this nitriding reactor on a commercial scale is concerned. 
